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Abstract. Recent progress in pushing the sensitivity of the Imaging Atmospheric Cherenkov Technique into the 10 mCrab 
regime has enabled first sensitive observations of the innermost few 100 pc of the Milky Way in Very High Energy (VHE; 
> 100 GeV) y-rays. These observations are a valuable tool to understand the acceleration and propagation of energetic particles 
near the Galactic Centre. Remarkably, besides two compact y-ray sources, faint diffuse y-ray emission has been discovered 
with high significance. The current VHE y-ray view of the Galactic Centre region is reviewed, and possible counterparts of the 
y-ray sources and the origin of the diffuse emission are discussed. The future prospects for VHE Galactic Centre observations 
are discussed based on order-of-magnitude estimates for a CTA type array of telescopes. 
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THE INNER FEW 100 PC OF THE 
MILKY WAY 

Ever since the discovery of the strong compact radio 
source Sgr A* IH, the Galactic Centre (GC) has been 
subject to intense astrophysics and astronomy research. 
In the last decade, precise data from this peculiar region, 
that evades observations at optical wavelengths due to 
obscuration by dust along the line-of-sight, have been ob- 
tained at radio, infrared (IR), X-ray, and hard X-ray/soft 
y-ray energies. Because of its proximity, the GC is a 
unique, however complex, laboratory for investigating 
the astrophysics believed to be taking place in galactic 
nuclei in general. 

In the first large-scale compilation of 90 cm radio 
observations provided by La Rosa, Kassim, and Lazio 
||2], the central few 100 pc region reveals a complicated 
morphology with various objects, mostly supernova rem- 
nants, H II regions, and Giant Molecular Clouds (see Fig. 
[Til. Thread-like filaments, notably the GC radio arc, ex- 
hibit highly polarised radiation with no line emission jH], 
and are therefore, amongst others, regions with popula- 
tions of non-thermal electrons, emitting synchrotron ra- 
diation. 

The structure of molecular clouds in the region has 
been mapped already in the 1970s using i^CO and '^CO 
lines (e.g. 10, Ht]). These measurements, however, suf- 
fer from background and foreground contamination from 
molecular clouds in the Galactic disk. In the veloc- 
ity range of interest for mapping the GC region, |v| < 
30 km/s, the CS (J=l-0) line is expected to be essentially 
free of such contaminations. Albeit being less sensitive 
because of its higher critical density, CS emission pro- 
vides an efficient tracer of the dense molecular clouds 
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FIGURE 1. Large-scale compilation of VLA 90 cm radio 
observations of the Galactic Centre region |2]. The Galactic 
Plane is oriented top-left to bottom-right in this image. The 
Galactic Centre is located inside the Sgr A region. 



close to the GC. The most complete CS map of the re- 
gion is provided by measurements of the NRO radio tele- 
scope la] and yields a total mass in molecular clouds of 
(2-5)x lO^Mginthe inner 150 pc region. These clouds 



are a potential target for cosmic rays accelerated within 
the region. 

The radio view of the inner 50 pc region is dominated 
by the Sgr A complex, with Sgr A* at its centre. Along 
the line-of-sight of Sgr A* lies Sgr A East, at a projected 
distance of 2.5 pc from the GC, enclosing in projection 
Sgr A West, a three-armed structure which spirals around 
Sgr A* and exhibits a thermal spectrum. 

Sgr A East resembles a compact morphology because 
of the high density of interstellar material (« 10^ cm^^) 
which prevents a fast evolution of the forward shock. 
Furthermore, it interacts with a dense molecular cloud 
(density w 10^ cm^^) on its eastern side. Based on re- 
cent X-ray observations ff] and older radio measure- 
ments 1 8], Sgr A East is very likely the remnant of a mas- 
sive star which exploded about 10.000 years ago (SNR 
OOO.Oh-00.0). An overabundance of heavy elements is 
found, favouring a SN type II explosion of a 13-20 Mq 
star. The X-ray emitting region of the remnant appears 
more compact (2 pc radius) then at radio wavelengths 
(6-9 pc), and is caused by the reverse shock that heats 
plasma in the inner parts of the remnant. 

Observations in the near- infrared (NIR, e.g. ^) have 
been taken to precisely measure the orbits of young stars 
in the direct (as close as 0.1") vicinity of Sgr A*. From 
these, the distance of the solar system to the Galactic 
Centre, dec — (7.62 ±0.32) kpc, and the mass of the 
central compact object, ni/^* — (3.61 ±0.32) x 10^ Mq, 
can be inferred [9]. The orbits are consistent with Ke- 
plarian motion around a point mass centred on Sgr A*. 
Furthermore, VLBA measurements put constraining lim- 
its on the proper motion of Sgr A*, requiring an enclosed 
mass of at least 4 x 10^ Mq [10]. At a wavelength of 
7 mm, VLBI observations have resolved the size of the 
radio emission region to 24 ± 2 Schwarzschild radii ifTTIl . 
Combining these findings, there is not much doubt that 
Sgr A* can only be a supermassive black hole (SMBH, 
see, e.g., lfT2l[l3ll for recent reviews). Its energy spectrum 
in the millimeter to IR domain is characterised by a hard 
power-law with spectral index ?a 0.3, a turn-over at about 
1 GHz, followed by a cutoff at about 10^ GHz H, ex- 
plained as synchrotron radiation of relativistic electrons 
(see e.g. |15, 16]). 

While being relatively bright at radio frequencies, 
Sgr A* is only a faint X-ray source (vf], but shows bright 
outbursts on time scales of a few minutes to several hours 
(see e.g. ifisl fl9ll ). These short flare durations limit the 
emission region to less than 10 Schwarzschild radii of 
the black hole, where non-thermal processes near the 
event horizon might produce relativistic electrons (e.g. 
ll20l I21I l22ll ). Such models to a certain extend predict 
flares in the NIR band. Such flares have been observed 
ll23h . but occur much more frequently than at X-ray en- 
ergies. In contrast to this, INTEGRAL observations in 
the hard X-ray/soft 7-ray band show a faint, but steady 



emission from the direction of the GC lH^]. 

In 1998, observations with the EGRET instrument on- 
board the Compton Gamma-Ray Observatory provided 
a strong excess (3EG J 1746-2851) of > 30 MeV 7-rays 
on top of the expected Galactic diffuse emission. Within 
an error circle of 0.2°, the position of this excess is com- 
patible with the position of Sgr A*. However, although 
not completely ruled out, the extension of the excess 
fits better a picture where the emission is produced by 
several distributed objects or diffuse interactions rather 
than by a single compact object like Sgr A*. Moreover, 
the energy output of 3EG J 1746 in the MeV-GeV range 
(« 10^^ erg s^') exceeds by at least an order of mag- 
nitude the energy released close to Sgr A* at any other 
wavelength. In any case, due to the relatively poor an- 
gular resolution of EGRET, source confusion hampers 
the interpretation of the signal especially at low ener- 
gies, where the EGRET point spread function is worst. A 
follow-up analysis of the position of 3EG J 1746, using 
only events with energies > 1 GeV, disfavours its associ- 
ation with Sgr A* at the 99.9% CL fH. 

It has been argued that 3EG J 1746 may be associ- 
ated to the SNR Sgr A East, since its 7-ray specti'um is 
similar to other SNRs detected by EGRET. One caveat 
is, however, that the 7-ray luminosity of 3EG J 1746 is 
two orders of magnitude larger than what is found for 
other EGRET SNRs. Fatuzzo et al. |26], however, con- 
vincingly explain the high energy (> 100 MeV) 7-ray 
emission from the source as being produced in inelastic 
collisions of shock-accelerated protons with the ambient 
medium, self-constitently accounting for the < 100 MeV 
and radio emission by bremsstrahlung processes and syn- 
chrotron emission, respectively, of electrons produced as 
secondaries in the decay of charged pions (via muon de- 
cay). 

DISCOVERY OF THE GC IN VHE 
7-RAYS 

The recent detection of VHE 7-rays from the direc- 
tion of the Galactic Centre by several Ima ging Atmo- 
spheric Cherenkov Telescopes (lACTs) UtI SEH [H 
has firmly established the existence of particle acceler- 
ation to multi-TeV energies within the central few pc of 
our galaxy. Prior attempts to detect VHE 7-rays from this 
region with the HEGRA stereoscopic system were not 
successful, and a weak flux upper limit of 8.7 times the 
flux of the Crab nebula above 4.5 TeV was reported |31]. 

In 2004, the discovery of a VHE 7-ray signal from the 
direction of the GC was almost simultaneously reported 
by the CANGAROO-II iH] and Whipple |28] collabo- 
rations, with energy thresholds of 250 GeV and 2.8 TeV, 
respectively. For both analyses the emission regions in- 



elude the position of Sgr A* within the statistical errors, 
and are compatible with a point-like origin. No hint for 
flux variability on timescales of months or years is found. 

The CANGAROO-II telescope detects the source with 
a significance of 10 C7 above the background in 67 hours 
of observations. The differential energy spectrum re- 
ported is very steep, £'-4-6±o.5 ^qj\\ ^ Yvjtjj ^ f|^x normal- 
isation at 1 TeV of about 2.7 x lO^^^cm-^ TeV"'. 

In 26 hours of large zenith angle observations, Whip- 
ple detects the GC with a marginal significance of 3.7 a 
above the background. The integral 7-ray flux reported is 
(1.6±0.5stat±0.3syst) X 10"''cm-2 g-' above 2.8TeV, 
roughly two orders of magnitude larger than the flux 
measured by CANGAROO-II at these energies. 

The H.E.S.S. telescope array observed the GC re- 
gion first during the commissioning of the partially in- 
complete array in June- August 2003. Only two of the 
four telescopes were operational. During the first phase 
of measurements (June/July 2003, 4.7 hours observing 
time) the telescopes were triggered independently, and 
events were combined using GPS timestamps. For the 
second observation campaign (July /August 2003, 11.8 
hours observing time) a hardware stereo trigger was 
used, reducing the energy threshold to 165 GeV for this 
data set. Also H.E.S.S. reports the detection of a point- 
hke VHE 7-ray source (henceforth called HESS J1745- 
290) coincident with Sgr A*. Differential energy spectra 
have been produced separately for the two data sets, best 
described by hard power-laws up to the highest energies 
measured. 49 hours of observations with the completed 
H.E.S.S. array were carried out in 2004, yielding con- 
sistent results. From a power-law fit of the 2004 data, a 
photon index of F = 2.25 ±0.04stat±0.10syst and an in- 
tegral flux above 1 TeV of [1.87 ± O.lOstat ± 0.30 
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10"'^ cm"^ s"' is obtained ||32|]. Recent MAGIC obser- 
vations of HESS J1745-290 at large zenith angles in 2004 
and 2005 verify the hard spectrum found by H.E.S.S., 
with consistent flux levels, and confirm the point-like and 
non-variable characteristics of the source |30]. 

The 7-ray flux measured by H.E.S.S. and MAGIC is a 
factor of three lower than that provided by Whipple, and 
the hard spectral index is in clear contradiction with the 
CANGAROO-II results. This either makes HESS J1745- 
290 a rapidly varying y-ray source (with the caveat being 
that none of the experiments detected significant variabil- 
ity in its own data set), or points to some hidden system- 
atics in the analysis. Indeed, in a careful reanalysis of the 
Whipple data [33] the flux level has been corrected, and a 
differential energy spectrum which matches the H.E.S.S. 
and MAGIC spectra is obtained. Moreover, observations 
with the CANGAROO-III array recently yielded a differ- 
ential energy spectrum consistent with the H.E.S.S. and 
MAGIC results [37]. 

Fig. |2] shows a compilation of the at date available 
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FIGURE 2. Compilation of spectral energy distributions 
(£2 X flux) of the GC source HESS J1745-290. Data points are 
taken from 1 27i. 1291 . 130. 1321 1330 . The grey shaded band shows a 
power-law fit F{E) oc £-r to the H.E.S.S. 2004 data |32]. The 
recent CANGAROO-III result |34] shown at this conference 
is not yet included, nor is the integrated flux measurement by 
Whipple |28]. Note that for the H.E.S.S. 2004 result a con- 
tribution of 17% of the total flux from diffuse emission was 
subtracted first. 



VHE 7-ray flux measurements from the direction of 
HESS J1745-290, indicating the recently achieved agree- 
ment between the experiments. 



TODAY'S VHE y-RAY VIEW OF THE 
GALACTIC CENTRE REGION 

Whilst the first detections of the GC were based on data 
sets of limited statistics and/or high energy threshold, 
follow-up observations with the completed H.E.S.S. in- 
strument provide much better sensitivity and deliver the 
at date most sensitive VHE 7-ray images of the GC re- 
gion [[35]. Thanks to its large field-of-view H.E.S.S. is 
able to observe a region of «400 pc diameter (at an as- 
sumed distance to the GC of 8 kpc) with a single pointing 
of the instrument. The so-far published results are based 
on a deep exposure of GC region with the full H.E.S.S. 
array in 2004. In 49 hours of quality-selected data, the 
detection of HESS J1745-290 is confirmed with a high 
significance of about 38 a above the background. In the 
7-ray count map shown in Fig. [3] (top) a second discrete 
source is visible 1° away from HESS J1745-290, associ- 
ated with the SNR G 0.9H-0.1. 

While for previous VHE instruments sources like 
G 0.9H-0.1 were close to flie detection hmit, the H.E.S.S. 
data set enables the search for fainter emission. Sub- 
tracting the best-fit model for point-like emission from 
the positions of HESS J1745-290 and G0.9H-0.1 yields 
the sky map shown in the bottom part of Fig. [3] It re- 




FIGURE 3. H.E.S.S. VHE y-ray images of the Galactic Centre region (33]. Top: smoothed y-ray count map without background 
subtraction showing the bright sources HESS J1745-290 (spatially coincident with the supermassive black hole Sgr A* marked 
by a black star) and GO.9+0. 1. Bottom: same map after subtraction of the two (assumed point-like) sources, showing an extended 
band of highly significant (14.6 o) y-ray emission and the unidentified source HESS J1745-303 (lower right comer). The white 
contours show velocity integrated CS line emission | 6], smoothed to match the angular resolution of H.E.S.S.. The positions of two 
unidentified EGRET sources are shown by green ellipses. 



veals the presence of diffuse emission along the Galac- 
tic Plane Issll . as well as the extended 7-ray source 
HESS J1745-303 fid], located about 1.4° south-west 
of Sgr A*. HESS J1745-303 belongs to a rather long 
list of unidentified Galactic VHE 7-ray sources, for 
which the lack of solid couterparts at other wavelengths 
renders a firm identification difficult so far. A multi- 
wavelength analysis including VLA, XMM and recent 
H.E.S.S. data suggests that at least parts of the emis- 
sion of HESS J1745-303 can be explained by the shock 
wave of the SNR 359.1-00.5 (Fig.[T]) running into a dense 
molecular cloud and by a pulsar wind nebula driven by 
the pulsar PSR B1742-30 |37]. An association of HESS 
1745-303 and 3EG J1744-301 1 is difficult both in terms 
of the energetics and possibly detected variability of the 
EGRET source. 

G 0.9+0.1: a Pulsar Wind Nebula in VHE 

7-rays 

G 0.9H-0. 1 is a well-known composite SNR with a clear 
shell-like radio morphology (see Fig. [U. It consists of 
a radio shell of 8' diameter and a bright compact core. 
Given the extension of the shell and assuming a distance 
of 8 kpc, the supernova took place a few thousand years 
ago. Although no pulsed emission has been detected 
from the central core region, X-ray observations || 3^|39|] 
have identified it as a pulsar wind nebula (PWN) and 
also found spectral softening away from the core of the 
nebula, suggesting an electron population which cools 
due to synchrotron radiation on its way outwards. No 
non-thermal X-ray emission has been detected from the 
SNR shell. 

The H.E.S.S. instrument has discovered 7-ray emis- 
sion from the direction of G 0.9H-0. 1 with a significance 
of 13 C7 after 50 hours of observations f^O^. The fact that 
G 0.9H-0. 1 is not detected by the MAGIC instrument is 
not in conflict with the H.E.S.S. result, given the lower 
sensitivity of the MAGIC data set. The morphology of 
the VHE source is compatible with a point-like excess, 
and an upper limit on the source size of 1 .3' at 95% CL is 
derived, excluding particle acceleration in the SNR shell 
as the main source of the VHE 7-rays. Instead the cen- 
troid of the 7-ray excess coincides within statistical er- 
rors with the Chandra position of the PWN, making a 
PWN association compelling. The VHE 7-ray spectrum 
of G 0.9H-0.1 extends from 230 GeV to 6 TeV and is 
best described by a straight power-law with a photon in- 
dex of 2.40. The total power radiated in VHE 7-rays is 
2 X 10^^ erg s^', which can be easily accounted for in a 
one-zone inverse Compton (IC) model yielding a reason- 
able magnetic field strength (6/xG) and a photon density 
of 5.7 eV cm^^ ['40^, somewhat smaller than the conven- 



tional value used in GALPROP. 

HESS J1745-290: a Prime Example of an 
Unidentified y-ray Source 

While the nature of the emission from G 0.9H-0.1 
seems to be fairly settled, this is certainly not true for 
the VHE emission from HESS J1745-290. Although all 
lACTs which have observed the source have found it be- 
ing positionally coincident with the SMBH Sgr A*, the 
actual mechanism that produces the emission is still not 
identified. Besides a couple of different Sgr A*-related 
emission mechanisms proposed, there are at least two 
other objects in direct vicinity of the SMBH which are 
convincing candidates for producing to observed VHE 
7-ray flux in parts or in combination: 

• Various models predict VHE 7-ray production near 
the super-massive black hole (SMBH) itself [21.1 or 
in termination shocks driven by a wind from the 
SMBH iilll . 

• Annihilation of Dark Matter (DM) particles cluster- 
ing in a cusp around the SMBH could potentially 
produce VHE emission Il42ll . 

. The PWN G359.95-0.04, recently discovered in a 
deep Chandra exposure ll43ll . and only 8.7" away 
from Sgr A* in projection, may accelerate electrons 
to TeV energies. 

• Finally, the SNR Sgr A East is a prime candidate 
counterpart, given its non-thermal radio shell and 
the fact that SNRs are proven sites of efficient par- 
ticle acceleration to highest energies. 

From the observer's standpoint, an identification is 
particularly hampered by the relatively poor angular res- 
olution of current lACT installations which gives rise to 
source confusion in this region. The point spread func- 
tion (PSF) of the H.E.S.S. instrument is 0(0.1°), result- 
ing in a relatively large emission region (see Fig.O. Nev- 
ertheless can VHE 7-ray observations of HESS J1745- 
290 put constraints on counterparts and emission mod- 
els in various ways. The most sensitive data set is cur- 
rently provided by the H.E.S.S. collaboration. Without 
being in conflict with measurements at longer wave- 
lengths, models must explain the following properties of 
HESS JI745-29OII32II: 

• The centroid of HESS J1745-290 is coincident 
within 7" ± 14"tat ± ^S'^yst with the position of 
Sgr A*, and the intrinsic size of the source amounts 
to less than 1.2' (95% CL). 

• The spectrum measured between 160 GeV and 
30 TeV can be characterised by a power-law with 
photon index 2.25 ± 0.04stat ± 0. lOsyst- The integral 



flux above 1 TeV is [1.87 ± O.lOstat ± 0.30syst] x 
10^'^ cm^^ s^^ This implies a 7-ray luminosity of 
10^^ erg s^' in the 1-10 TeV range. No hint for cur- 
vature is found. Assuming an exponential cutoff, a 
lower limit of 9 TeV (95% CL) on the cutoff energy 
is derived. 

• There is no hint for significant flux variability on 
any timescale from minutes to years. 

The Case ofSgrA East 

The existence of synchrotron radiation, i.e. the pres- 
ence of relativistic electrons, and a large magnetic field 
2 — 4 mG, determined from Zeeman splitting of OH 
masers ll44ll ) make Sgr A East a compelling candidate 
for 7-ray emission at VHE energies. In particular do 
the observated flux spectra at radio. X-ray, and 7-ray 
energies match a scenario in which protons have been 
shock-accelerated to at least 100 GeV of energy 
(see above). Adopting a 4 mG magnetic field, Crocker 
et al. [45] estimate the maximum proton energy achiev- 
able in the Sgr A East blast wave to be 10^^ eV. The 
fact that none of the lACTs reports flux variability from 
HESS J 1745 -290 certainly fits into this scenario. 

The shell of Sgr A East partially surrounds Sgr A* in 
projection; its emission maximum in 90 cm radio is 1.5' 
(or about 3.5 pc) away from Sgr A*. Due to the system- 
atic error of 28" on the position of the HESS J1745-290 
centroid from uncertainties in the absolute pointing of 
the H.E.S.S. telescopes, the position of the VHE emis- 
sion is marginally consistent with the Sgr A East radio 
maximum. 

Recent progress (although subject to final checks, 
ll46ll ) in understanding and compensating the pointing 
systematics of the H.E.S.S. array has led to a reduced 
systematic error of 8.5" ll46ll . Fig. |4] shows the improved 
H.E.S.S. position measurement, based on 73 hours of 
observations, on top of a 90 cm VLA radio image of 
Sgr A East. The best fit position is coincident within 
7.3" ± 8.7'/tat ± 8-5syst with Sgr A* and effectively rules 
out Sgr A East as the dominant source of the VHE emis- 
sion. 



HESS Jl 745-290: a Pulsar Wind Nebula ? 

The recent detection of the PWN G359.95-0.04 in a 
deep Chandra exposure of the GC region ll43ll very much 
complicates the counterpart search for HESS J1745- 
290. G359.95-0.04 is located only 8.7" in projection (or 
0.3 pc) away from Sgr A*, rendering a discrimination 
of the two by position measurements impossible (cf. Fig. 
nil. G359. 95-0.04 is rather faint at X-ray energies, with an 
implied luminosity of lO^'* erg s^' in the 2-10 keV band 
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FIGURE 4. Best fit positions of HESS J1745-290 on top of 
a smoothed 90 cm VLA radio image of SNR Sgr A East in 
Galactic coordinates. The position of Sgr A* and G359. 95-0.04 
are marked with a cross and a star, respectively. The red triangle 
and red circle mark the prehminary best fit position and total 
error of the improved position measurement of HESS J1745- 
290. The blue triangle and circle show the results obtained in 
L321 . Figure taken from Ii46il . 

II43I], yet about four times brighter than Sgr A*. It shows 
a cometary shape and exhibits a hard and non-thermal 
spectrum which gradually softens when going away from 
the "head" of the PWN, where the yet undiscovered pul- 
sar is believed to be located. No radio counterpart of the 
PWN is found. 

Numerical calculations show that, despite its faint X- 
ray flux, a population of non-thermal electrons can nat- 
urally explain both the X-ray emission of G359.95-0.04 
and the VHE 7-ray emission of HESS J1745-290 [47]. 
Compared to other locations in the galactic disk, where 
many VHE 7-ray sources have been found associated to 
PWNe, the Galactic Centre region is, however, special 
because of its dense radiation fields. The fact that the 
X-ray spectra steepen rather than harden the further one 
gets away from the pulsar position is an indication that 
the TeV electrons are cooled by synchrotron radiation 
rather than by IC processes in the Klein-Nishina regime, 
putting a lower limit of « 100/iG on the value of the 
magnetic field for typical Galactic Centre radiation fields 
1 47]. It is predominantly the far-lR component of the ra- 
diation field that TeV electrons upscatter to TeV energies, 
providing roughly an order of magnitude larger luminos- 
ity in the 1 - 1 TeV 7-ray band than in the 2- 1 ke V X-ray 
domain. 



Emission models involving Sgr A* 

The low bolometric luminosity (< lO^^Ledd in the 
range from millimeter to optical wavelenghts) renders 
Sgr A* an unusually quiet representative of galactic nu- 
clei. At the same time, this property makes the immediate 
vicinity of the SMBH transparent for VHE 7-rays. Aha- 
ronian & Neronov |21] show that the absence of dense IR 
radiation fields enables photons with an energy of up to 
several TeV to escape almost unabsorbed from regions 
as close as several Schwarzschild radii from the centre 
of the SMBH. Therefore, VHE 7-ray emission produced 
close to the event horizon of Sgr A* provides a unique 
opportunity to study particle acceleration and radiation 
in the vicinity of a black hole. 

There are several possibilities to produce the observed 
VHE 7-ray flux, depending on the type of particles accel- 
erated, the model of acceleration, and finally the interac- 
tion of the accelerated particles with the ambient mag- 
netic field or matter. Common scenarios, which do not 
contradict the emission at longer wavelenghts, include 
ill]: 

• Synchrotron radiation of ultra-relativistic protons. 
In the strongly magnetised environment of a SMBH 
with magnetic field strengths as large as 10"* G, pro- 
tons can be accelerated to energies of up to 10'^ eV. 
However, the synchrotron spectrum extends only to 
roughly 300 GeV, and thus cannot account for the 
multi-TeV radiation seen by H.E.S.S.. Curvature ra- 
diation of protons can in principle extend the 7-ray 
spectrum 10 TeV, but only at the expense of very 
large magnetic fields (10*' G), for which the source 
is opaque for 7-rays due to e+e^ pair production. 

• Photo-Meson interactions. Despite its low bolomet- 
ric luminosity, the IR radiation fields in the vicin- 
ity of Sgr A* appear dense enough to produce a 
sizable number of VHE 7-rays in the interactions 
of the accelerated protons with IR photons. The re- 
quired power to meet the luminosity in VHE 7-rays 
is 10^^ erg s^', well below the Eddington luminos- 
ity of a3 x IO^'Mq BH. 

• Proton-Proton interactions. VHE 7-ray production 
by interactions of accelerated protons with the am- 
bient plasma requires an acceleration power of 
10^^ erg s^\ but at the same time only > 10^^ eV 
protons are required to produce TeV radiation. In 
this case, possible acceleration sites include a strong 
electric field close to the event horizon or strong 
shocks in the accretion disk. This scenario in par- 
ticular predicts correlated flux variability at VHE, 
X-ray, and IR wavelengths. 

• Inverse Compton radiation of electrons. Compared 
to the aforementioned proton scenarios, electrons 



provide a much more efficient way to convert en- 
ergy into radiation. To accelerate electrons to multi- 
TeV energies, however, a well-ordered magnetic or 
electric field is necessary to prevent radiation losses 
during acceleration. Such properties are e.g. pro- 
vided by the rotation-induced electric fields near 
the black hole. 7-rays at the highest energies (> 
100 TeV), however, cannot escape the source be- 
cause of efficient interaction with the IR radia- 
tion field, but contribute to the spectrum with sub- 
100 TeV photons. 

While some of the above mentioned scenarios suggest 
correlated multi-wavelength variability, non-observation 
of variability does not striktly rule out acceleration close 
to the black hole. Moreover, there are models which ex- 
plain the absence of VHE variability by diffusion of pro- 
tons away from the acceleration region into the neigh- 
bourhood of Sgr A* and subsequent interaction with the 
ambient medium ll48il22ll . On the other hand, the detec- 
tion of variability in the VHE data would immediately 
point to particle acceleration near the SMBH. The most 
convincing signature would be the detection of corre- 
lated flaring in X-rays (or NIR) and VHE 7-rays. Such 
searches have been carried out \A% ,501 . No evidence 
of flaring or quasi-periodic oscillations has been found. 
In particular, in a coordinated multi-wavelength cam- 
paign both Chandra and H.E.S.S. observed the GC re- 
gion, when a major (factor 9 increase) X-ray outburst 
was detected. During this 13-minutes flare the VHE 7- 
ray flux stayed constant within errors, and a 99% CL up- 
per limit on a doubling of the VHE flux is derived ifsoll . 

Dark Matter Annihilation near the GC? 

Besides being of astrophysical origin, the observed 
TeV flux could potentially stem from annihilation of 
dark-matter particles, which are believed to cluster in a 
compact cusp around Sgr A* ll42ll . Halo density profiles 
are believed to scale with the radius r like r^", with 
a between 1 |51] and 1.5 1 .52 ] in the most common 
models. The fact that HESS J1745-290 is point-hke (after 
having accounted for the underlying diffuse emission) 
translates into a > 1.2, i.e. a cuspy halo is favoured by 
the observations. 

Predicted energy spectra for 7-rays produced in cas- 
cade decays of DM particles such as MSSM neutralinos 
or Kaluza-Klein particles can be compared to the VHE 
observations. These spectra are usually curved both at 
high energies - for reasons of energy conservation -, and 
low energies, in clear disagreement with the observations 
(Fig-El see also [321). Furthermore, unusually large DM 
particle masses have to be assumed to account for the fact 
that the 7-ray spectrum extends up to 10 TeV. 
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FIGURE 5. Spectral energy density of HESS J1745-290. 
The shaded band shows the power law fit cIN/dE ~ E^^'^^ 
to the 2004 data points ([32], see also Fig. |2] The curves 
show typical spectra of y-rays from the annihilation of 14 TeV 
MSSM neutralinos (green), of 5 TeV Kaluza-Klein particles 
(purple), and of a 10 TeV DM particle decaying into 30% t+t^ 
and 70% hb (blue). Figure reproduced from Il32ll . 



The observed 7-ray emission is therefore not compat- 
ible with being dominantly produced in the framework 
of the most common DM scenarios. As a consequence, 
the bulk of the observed 7-ray excess is probably of 
astro- rather than of particle physics origin. However, an 
0(10%) admixture of 7-ray s from DM annihilations in 
the signal from the GC cannot be ruled out. Assuming a 
NFW-type |51] halo profile, 99% CL upper limits on the 
velocity-weighted annihilation cross section < av > are 
at least two orders of magnitude above theoretical ex- 
pectations ll32ll , and thus are not able to put constraints 
on current model predictions. 



Diffuse y-ray Emission 

The diffuse emission (Fig. [3] bottom) spans in a re- 
gion of roughly 2° in galactic longitude (I) with an rms 
width of about 0.2° in galactic latitude (b). The recon- 
structed 7-ray spectrum integrated within |/| < 0.8 and 
\b\ < 0.3 is well-described by a power law with photon 
index F = 2.29 |35], in agreement with the index ob- 
served for HESS J1745-290. Assuming that the emission 
is produced in the Galactic Centre region at 8 kpc dis- 
tance from the observer, the latitude extension translates 
into a scale of about 30 pc. This is very similar to the ex- 
tent of giant molecular clouds in this region |6]. Indeed, 
at least for |Z| < 1°, there is a strong correlation between 
the morphology of the observed 7-rays and the density of 
molecular clouds as traced by the CS emission observed 
with NRO ([0], Fig. [3] bottom). This is the first time 
such correlation is seen, and is a strong indication for 
the presence of an accelerator of (hadronic) cosmic rays 
in the Galactic Centre region, since the energetic hadrons 
would interact with the material in the clouds, giving rise 
to the observed 7-ray flux via — > 77 decays. The idea 
of acceleration in the GC region is further supported by 



the fact that the measured 7-ray flux is both larger and 
harder than expected in a scenario where the molecu- 
lar material is bathened in a sea of galactic cosmic rays, 
with similar properties as measured in our solar neigh- 
bourhood, only. The energy necessary to fill the entire 
region with cosmic rays can be estimated from the mea- 
sured 7-ray flux (extrapolated to 1 GeV) and amounts 
to 10^" erg. This number is close to the energy believed 
to be transferred into cosmic rays in a typical galactic 
supernova. A distribution of electron accelerators, such 
as PWNe, that cluster similarly to the gas distribution, 
has also been discussed (e.g. |35]). Given the O(lOOjtiG) 
magnetic fields in the region, electrons of several TeV 
energy would, however, rapidly cool via synchrotron ra- 
diation, such that their VHE 7-ray emission would appear 
point-like in the H.E.S.S. data. 

In the context of identifying the accelerator, the fact 
that no emission is seen farther than \l\ « 1° might be 
particularly important. In their discovery paper ll35[l . the 
H.E.S.S. collaboration came up with the rather simple, 
yet convincing explanation that the cosmic rays may 
have been accelerated in a rather young source near the 
very centre of the galaxy, having subsequently undergone 
diffusion away from the accelerator into the surround- 
ing medium. Assuming a typical diffusion coefficient of 
10^" cm^ s^', or 3 kpc^ Myr^', for TeV protons in the 
Galactic disk, a source age of about lO'* years can re- 
produce the observed 7-ray flux distribution (3^, and in 
particular the lack of emission beyond 1° distance from 
the centre. 

Busching et al. ifssll follow a similar idea. Starting 
from a source of non-thermal protons at the GC and 
the known distribution of molecular material, the authors 
model the 7-ray flux from the region in a time dependent 
diffusion picture. Neglecting a possible energy depen- 
dence of the diffusion process (suggested by the fact that 
the H.E.S.S. data are not sensitive enough yet to mea- 
sure such an effect), they use minimisation to find the 
diffusion coefficient for which the H.E.S.S. results are 
matched best, for a variety of source ages and source 
on-times (Fig. |6]), resulting in diffusion coefficients in 
the range of the one assumed in llssll . In a similar ap- 
proach, Dimitrakoudis et al. ifsill obtain a best-fit dif- 
fusion coefficient of 3 kpc Myr^^ also close to ll35ll . 
Scaling the diffusion coefficient k with the cosmic ray 
rigidity i;,k = yto(C/Co)" ^ Co = 1 GV/c, Busching et al. 
find a value of ko which is significantly smaller than the 
local value, suggesting enhanced turbulence and larger 
magnetic fields than in the solar neighbourhood. Uncer- 
tainties in the derived diffusion coefficients of up to 50% 
arise from uncertainties in the molecular gas distribution 
and from the contribution of galactic cosmic rays to the 
overall 7-ray flux. 

In a separate paper ifssll. Busching et al. explain both 
the diffuse emission and the point-source HESS J1745- 
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FIGURE 6. Best-fit diffusion coefficients (see text) for CR 
diffusion away from a central source into tiie GC region. Diffu- 
sion coefficients are given as a function of source on-time, for 
three different source ages. Reproduced from L53i1 . 



290 within a single model in which the cosmic rays re- 
sponsible for the diffuse emission were accelerated in 
the shock wave of the SNR Sgr A East 5-10 kyr ago, 
but acceleration stopped well before the present time. 
When, however, the shock wave of Sgr A East col- 
hded with Sgr A*, particle acceleration near the SMBH 
was initiated, leading to the observed VHE y-ray emis- 
sion from HESS J1745-290. Assuming that the diffu- 
sion coefficient found for the diffuse emission is also 
vaUd close to the SMBH, this last round of particle ac- 
celeration can only have happened in the recent past 
(O(IOO) yr) to be consistent with the point-like morphol- 
ogy ofHESS J1745-290. 

It should, however, be noted that there are other 
processes which can explain the emission from 
HESS J1745-290 (see above). Furthermore, recent 
simulations seem to indicate that the diffuse emission 
might be better explained by inter-cloud acceleration of 
cosmic rays via the Fermi-II process |56]. More sensitive 
observations are needed to ultimately prove which of the 
discussed scenarios of the VHE y-ray view of the GC is 
correct. 



THE ROLE OF CTA 

Despite the exciting progress in recent years, a ro- 
bust understanding of the GC VHE y-ray sky needs a 
more refined data set than currently available. Significant 
progress in the identification of the VHE sources and the 
physics processes involved requires an instrument with 
better sensitivity, wider energy coverage, and, possibly, 
improved angular resolution. Probing the GC region with 
instruments like CTA 1.57,1 or AGIS will answer many of 



the open questions within a reasonable amount of observ- 
ing time. 

For the following order-of-magnitude estimations we 
assume a CTA-like aiTay of lACTs with a core sensitivity 
of 0(1 mCrab), 4 orders of magnitude energy coverage 
(10 GeV - 100 TeV), and an angular resolution of 0.02° 
per event. 



Angular resolution 

As discussed above, one way of identifying 
HESS J1745-290 is to search for plausible candi- 
date counterparts within the error circle of the emission 
centroid. Since the GC is a densely packed region, 
naively, a good angular resolution is important. Since 
the statistical error of the centroid position scales like 
9 1 y/Wy, and therefore linearly with sensitivity, a factor 
of 50 improvement in the statistical error of the centroid 
position over H.E.S.S. (about 6" per axis for 73 hours 
of exposure, |46]) is expected. On the other hand, the 
systematic pointing eiTor of the H.E.S.S. telescopes is 
about 6" per axis [46], probably close to the limit of what 
can be achieved with future instruments. In the special 
case of HESS J 1745 -290, subtracting the underlying 
(asymmetric) diffuse emission imposes additional sys- 
tematic uncertainties, which for H.E.S.S. are of the order 
of 1". As a consequence, improved angular resolution 
is not of much help what regards a measurement of 
HESS J1745-290's position. 

On the other hand, superior angular resolution would 
help in understanding the properties of the diffuse emis- 
sion. It would allow to probe the region with a few 
pc binning and test the y-ray-cloud correlation in much 
more detail than cuiTently possible. Fig. |7] sketches the 
improvement in angular resolution over H.E.S.S. for a 
CTA-like instrument with an angular resolution of 0.02° 
per reconstructed y-ray. Shown are y-ray maps expected 
from cosmic rays interacing with the molecular material 
in the GC region. The cosmic rays diffuse away from the 
Galactic Centre, their assumed origin of production. The 
improvement in the quality of the data is clearly visible. 
With such an improvement one might in the not too dis- 
tant future also get a handle on the possible existence 
of electron accelerators along the Galactic Plane, which 
might or might not be responsible for the observed y-ray 
emission in parts or in total. 



Sensitivity 

An unambiguous proof that the VHE y-ray emission 
from HESS J1745-290 is associated with Sgr A* would 
be the observation of correlated y-ray /X-ray (or IR) vari- 




FIGURE 7. VHE y-ray images of the GC region obtained from simulations. Cosmic rays produced at the Galactic Centre diffuse 
away from the centre and eventually interact with molecular material (traced by CS emission | 6]) in the surrounding and produce 
y-rays. The diffusion coefficient assumed is D = 3 kpc^ Myr^', and the cosmic rays have been injected 10"* years ago, matching 
the H.E.S.S. measurements of the diffuse emission till . Left: Expected smoothed y-ray map for an instrument with H.E.S.S.- 
like angular resolution (05g = 0.07°, taken from \4S]), and Right: for a CTA-like system with an assumed angular resolution of 
^68 = 0.02°. Note that statistical fluctuations due to possibly limited observing time are not taken into account. 



ability. With the assumed CTA sensitivity similar X-ray 
flare events like the one discussed above (factor 9 in- 
crease over the quiescent level) would test a level as low 
as 10% of the quiescent state y-ray flux. 

To test models of cosmic ray/electron propagation 
through the central region of the galaxy and to study the 
penetration of molecular clouds by cosmic rays, energy 
spectra have to be provided of the diffuse y-ray emis- 
sion in small regions of a few 10 pc x a few 10 pc 
only. With these at hand, energy-dependent diffusion 
processes could be studied in great detail. For a simple 
power-law fit, the statistical error on the spectral index 
scales linearly with sensitivity. Therefore, because of its 
enhanced sensitivity, a spectrum measured by CTA in a 
0.1° X 0.1° portion of the sky (in the H.E.S.S. energy 
range) will reach comparable statistical accuracy in the 
spectral index as H.E.S.S. does in a 1° x 1° sky area (e.g. 
AFsfa, = 0.07 for 50 hours of observations of the GC dif- 
fuse emission ifssll ). 



Energy coverage 

The energy spectrum of HESS J 1745 -290 covers an 
energy range of 160 GeV - 30 TeV and is well fitted 
by a straight powerlaw (see above). For the most likely 
counterparts of the VHE emission, Sgr A* and G359.95- 
0.04, emission models fitting the combined spectral en- 
ergy distributions have been presented by various authors 
(e.g. [i47[l . 112 IL among others). While most models can 
satisfactorily fit the H.E.S.S. data points, they do substan- 
tially differ at energies < 100 GeV. CTA energy coverage 
down to 10 GeV would constrain some of the models, 
and therefore help to identify the source of the y-rays and 
the underlying physical acceleration and radiation pro- 
cesses. 



CONCLUSIONS 

Less than five years after the discovery of VHE y-ray 
emission from the direction of the GC, observations with 
Imaging Atmospheric Cherenkov Telescopes provide a 
very sensitive view of this interesting region. With the 
recent data from the H.E.S.S. instrument, a rich VHE y- 
ray morphology becomes evident, giving strong evidence 
for the existence of a cosmic ray accelerator within the 
central 10 pc of the Milky Way. 

An intense y-ray point source is found coincident 
within errors with the position of Sgr A*. Source con- 
fusion near the GC make a solid identification difficult, 
given the - compared to X-ray satellites or IR observa- 
tories - moderate angular resolution of current lACTs. 
Recent progress in improving on the systematic and stat- 
ical errors of the centroid of HESS J 1745 -290 effectively 
excludes the SNR Sgr A East as the dominant source of 
the y-ray emission. A major contribution from the anni- 
hilation of DM particles can also be excluded. 

Future observations with even more sensitive instru- 
ments such as CTA will significantly advance our knowl- 
edge about the GC region at VHE energies. The recently 
launched Fermi satellite will extend the energy range 
down to about 100 MeV, such that unbroken sensitivity 
coverage will be provided over 6 orders of magnitude in 
energy. 
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